The present paper describes the investigation of an active feedback noise control system in an enclosure surrounded by rigid walls. A large number of operations is required for active control in a rigid-walled sound field because lots of acoustic paths between multiple sensors and multiple secondary sources can exit. The rigid-walled sound field can be expressed by the superposition of a large number of orthogonal acoustic modes. It is expected that single-input single-output(SISO) model can be achieved for each mode independently using the modal decomposition and generation techniques and that various previously developed SISO control methods can be used. Therefore, I propose an active control system with SISO H ∞ controllers to suppress multiple mode amplitudes independently based on the modal decomposition and generation techniques. In the present paper, the characteristics of the proposed system to control four modes are verified numerically and experimentally. The obtained results show that significant noise reduction in practical use can be achieved without mode couplings.
Introduction
In a closed sound field, which can be considered to be a rigid-walled rectangular parallelepiped, suppression of acoustic noise such as floor impact sound (1) leaves a great deal of room for further discussion. Rigid-walled sound fields, such as rooms in a house, can be expressed by the superposition of a large number of orthogonal acoustic modes. The acoustic mode in the vicinity of the cut-off frequency of the mode is a predominant element in the sound field. It is important to suppress the predominant mode element in order to decrease the amount of acoustic noise in the sound field.
An active noise control (ANC) technique has been developed to control various sound fields (2) , (3) . Active noise control systems have also been applied to enclosed sound fields, in which low-frequency components are dominant. If an ANC system must operate without prior information on noise, then a system with a feedback type controller is effective (4) , (5) .
If the number of sensors and secondary sources in an ANC system for a rigid-walled sound field is equal to the number of acoustic modes, which are target components of the control in the sound field, a large number of operations are required because several acoustic paths can exit between multiple sensors and multiple secondary sources. If each acoustic mode can be observed and generated independently based on the modal decomposition and generation technique (6) - (8) , then it is expected that a single-input single-output (SISO) model can be realized for each acoustic mode and that various previously developed SISO control methods can be used.
Therefore, an ANC system with SISO feedback controllers to independently suppress multiple mode amplitudes based on these techniques is examined. The target mode amplitudes for control of the sound field can be obtained by modal decomposition. The outputs of the secondary sources can be produced by modal generation. The system enables indepen-dent feedback control of acoustic modes by combining the above-mentioned techniques. Although,unlike the cluster control system (9) , the ANC system does not theoretically ensure the control of acoustic modes, the ANC system can achieve significant acoustic noise suppression in practical use by means of a comparatively simple scheme. For example the present paper describes an H ∞ feedback controller design of the system.
In order to verify whether the controller can operate without mode couplings, the openloop frequency responses of the feedback paths on acoustic modes in the sound field are investigated. Verification of the characteristics of the proposed system to control four acoustic modes is carried out experimentally in the present paper.
Acoustic Characteristics in an Enclosure
The acoustic pressure in the enclosed sound field surrounded by rigid walls shown in Fig.1 can be written as follows (10) p(x 0 , x 1 
where x 0 is the coordinate of a sound source, x 1 is the coordinate of an observation point, and m = (m x , m y , m z ) is the mode index. The mode amplitude a m is given by
where ρ 0 is the air density, c 0 is the sound velocity, V is the volume of the enclosed field, and q is the volume velocity of the source. The rigid-walled eigenfunction ψ m is given by
where ε x = 1 when m axis = 0 and ε x = 2 when m axis 0 (axis = x, y, z, i = 1, 2). The natural frequency of the mode (m x , m y , m z ), ω m , is given by
Since the mode amplitude is extremely large in the vicinity of the natural frequency of the (m x , m y , m z ) mode, the contribution of the (m x , m y , m z ) mode to the enclosed sound field increases. In order to decrease the acoustic noise in an enclosed sound field, reducing the mode amplitude in the vicinity of the natural frequency of the (m x , m y , m z ) mode is effective. Figure 2 shows the configuration of an ANC system for controlling four acoustic modes in an enclosure. The object of the feedback control of the system shown in Fig. 2 is to reduce the amplitudes of acoustic modes, which are target components for control.
Active Feedback Control of Acoustic Mode Components

Configuration of the System
In the system shown in Fig. 2 , the mode amplitudes are detected from the sound pressures at a number of microphones equal to the number of acoustic modes, which are target components for control. Each detected mode amplitude as the control input signal is provided to the Fig. 1 Model of an enclosure surrounded by rigid walls. Vol.5, No.2, 2010 controller. The outputs of the controllers are composed such that each acoustic mode can be generated independently by a number of secondary sources equal to the number of acoustic modes, which are target components for control. Thus, the feedback control using a number of SISO controllers equal to the number of acoustic modes, which are target components for control, can be realized without any mode couplings.
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Observation and Generation of Acoustic Modes
The use of a number of microphones equal to the number of acoustic modes, which are target components for control, is assumed. Then, the sound pressures at the microphones p = [p 0 , p 1 , p 2 , · · · , p n ] T can be written as
where a = [a 0 , a 1 , a 2 , · · · , a n ] T are the mode amplitudes and Ψ is the matrix with eigenfunctions ψ mn shown in Eq. (3).
Volume velocity values q = [q 0 , q 1 , q 2 , · · · , q n ] T can also be written as
The matrix F is defined as
The coefficients f m can be obtained as
If the microphones can be situated appropriately, so that Ψ in Eq. (5) is regular for the modes, then the mode amplitude of each mode is uniquely obtained from the sound pressure vector obtained using a number of microphones equal to the number of target acoustic modes.
When ω ω m , if the secondary sources can be situated appropriately, so that Φ in Eq. (6) may be a regular for the modes, then the volume velocity vector to excite arbitrary modal amplitudes is uniquely obtained from the decomposed modal amplitudes. Figure 3 shows the locations of the microphones and loudspeakers. The dimensions of the space are 600 mm x 460 mm x 400 mm. The boundary wall was made of plywood of 25 mm in thickness. Electret type microphones of 6 mm in diameter and woofers of 100 mm in diameter were used. The natural frequencies f m of the mode of the enclosed sound field are shown in Table 1 . An ANC system to control four mode elements ((1,0,0), (0,1,0), (0,0,1), (1,1,0) ) is used herein. The locations of the microphones and the loudspeakers for the ANC system are shown in Table 2 .
Experimental Setup
Acoustic System
If the locations of the microphones and loudspeakers are used, then the modes to be controlled can be observed and generated independently because Ψ in Eq.(5) and Φ in Eq. (6) become regular matrices by using these locations.
Signal Processing System
The signal processing system is composed of a DSP board (TI TMS320C6713), AD/DA converters, and signal adjustment analogue circuits. The signals detected using the microphones are divided into the input to the control filter of each mode by using the linear combinations with elements of the inverse matrix of Ψ in Eq. (5) . The signals through the amplifiers are radiated from the loudspeakers using linear combinations of the elements of the inverse matrix of Φ in Eq. (6) for the generation of the control outputs of the system.
Independence of Modal Control
Decomposition of Modal Elements
Calculations and experiments are performed in order to examine whether the elements of Table 1 Natural frequencies in the enclosure shown in Fig. 3 .
Index (0,0,0) (1,0,0) (0,1,0) (0,0,1) (1,1,0) (1,0,1) (2,0,0) (0, the mode for the control can be independently detected based on Eq. (5) . Since modes other than the control targets can exist in a practical sound field with rigid walls, the influence on the detection results for this case is investigated experimentally. It is assumed that a noise source is located at the position (x, y, z) = (100 mm, 100 mm, 400 mm), as shown Fig.3 . When the sound source is located at this position, all of the modes shown in Table 1 are excited. The calculated modes were assumed to be (5, 5, 5) . Figure 4 shows the calculated results for the power spectra of the sound pressure at each microphone position when the amplitudes of the volume velocities of sounds are constant over the frequency range. With the exception of the (2,0,0) mode, which is the node of the mode when the microphone locations in Table 1 are used, the peaks of the power spectra of the sound pressure are observed at the natural frequencies shown in Table1. Figure 5 shows the calculated results for the power spectra of the decomposed mode amplitudes. For comparison, the dotted lines show the correct power spectra of the mode amplitudes, which are assumed to be excited by the noise source shown in Fig. 3 . In each mode element, both values of the power spectra correspond approximately in the vicinity of the natural frequency of the mode element, which should be decomposed. However, since the indistinctive mode elements can be observed, the values of the power spectra do not correspond, except in the vicinity of the natural frequency of the mode element, which should be decomposed. There are two peaks that are the (1,0,0) mode and the (1,0,1) mode in Fig.5 . The (1,0,1) mode is the indistinctive mode when the (1,0,0) mode should be decomposed. The Fig. 4 Calculated results of sound pressure levels at the microphones in the enclosure.
(0,1,1) mode corresponds to the indistinctive mode when the (0,1,0) mode should be decomposed. The (0,0,0) mode and the (1,1,0) mode correspond to the indistinctive modes when the (0,0,1) mode should be decomposed. Although the characteristics obtained by the modal decompositions mentioned above do not quite agree with the characteristics of the mode element in the sound field, these results show that the mode for the control can be detected according to the observed sound pressure in the vicinity of the natural frequency. Figure 6 shows the experimental results of the power spectra of the sound pressure observed with each microphone in the enclosure shown in Fig.3. Figure 7 shows the experimental results of the power spectra of the mode amplitudes decomposed from the sound pressure observed with the microphones in the enclosure. Since the experimental results show the same tendency as the calculated results, it is confirmed that the mode for the control can be independently detected according to the observed sound pressure in the practical sound field. Vol.5, No.2, 2010 
Frequency Responses of the System
In order to examine whether independent control in each mode element is possible, the open-loop frequency response characteristics of the feedback path of each mode are examined through calculations and an experiment. In order to control each mode independently, no couplings should exist between modes on the open-loop frequency responses.
For example, in the measurements of the open-loop frequency responses with respect to the (1,0,0) mode, the driving signal is fed to A 100 , shown in Fig.8 , and the input signal terminals of A 010 , A 001 , and A 110 are fed to the ground. The operation results for the mode generation are radiated from loudspeakers, and the sound pressure distribution in the enclosure is then detected by the microphones. When the frequency responses are measured, the transfer function of the controller for each mode is assumed to be one. The also measured.
In order to control each mode independently, it is necessary that the gain of the frequency response, with the exception of the mode index agreement, is zero. In order to specify only the influence of the acoustic characteristics of the mode elements on the feedback path in the present paper, the characteristics of the electro-acoustic transducers are simplified. As an example, the calculated results for the open-loop frequency responses with respect to the (1,0,0) mode are shown in Fig. 9 . The calculated results show the frequency responses for the case in which all mode elements exist in the sound field (solid lines) and the frequency responses for the case in which only the target mode elements for the control exist in the sound field (dotted lines). Both of the frequency responses are found to have the same characteristics in the vicinity of the natural frequencies. The influence of the modes that are not considered to be control targets on the modes to be controlled is slight because the gain of the frequency responses for the case of mode index disagreement is approximately zero.
As an example, the experimental results for the open-loop frequency responses with respect to the (1,0,0) mode are shown in Fig. 10 . In Fig. 10 , the gains and phases for the mode index agreement are shown in the upper graphs ((a) and (b)), and the gains for the mode index disagreement are shown in the lower graphs ((c), (d) and (e)). The measurement results for the frequency responses show the same tendency as the numerical results. The above results confirm that each mode element can be controlled independently.
Execution of Modal Control
Controller Design
In order to independently control each mode element, a feedback controller of SISO is designed for each mode. In the present paper, the H ∞ controller is designed based on the assumption that the feedback system is the generalized plant shown in Fig.11 . System Identification Toolbox and Robust Control Toolbox of MATLAB are used for modeling and H ∞ controller design, respectively. In the design, first, modeling is performed using the I/O signal shown in Fig. 8 . Next, the H ∞ controller C(s) is calculated using the weight functions shown in Fig. 12 . As an example, Fig.13 shows the frequency responses of designed controller C(s) for the (1,0,0) mode. Vol.5, No.2, 2010 
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Experiment of modal control
An experiment to investigate the noise suppression effect of the proposed system with the proposed controller is performed. Figure 14 shows the power spectra of sound pressure measured at (x, y, z) = (595 mm, 455 mm, 395 mm). The observation points are located at this position because the amplitude of the excited mode elements becomes maximal in this vicinity. The proposed ANC system decreased the sound pressure levels from 5 dB to 15 dB at the natural frequencies of the mode elements. Based on the above-described results, the proposed feedback ANC system, which independently controls each mode element in an enclosure with rigid walls, is confirmed to operate effectively.
Conclusion
In order to achieve the control of sound in an enclosure with rigid walls, a feedback active noise control (ANC) system that independently detects and generates the mode elements was proposed. The proposed ANC system was demonstrated to be able to independently control the mode elements of the sound field by appropriately configuring the positions of the Vol. 5, No.2, 2010 microphones and the loudspeakers of the ANC system. In an experiment using the proposed feedback ANC system, the sound pressure was reduced at each natural frequency of the mode.
The results of the present study reveal that the proposed feedback ANC system effectively and independently detected and generated the mode elements for the noise in the enclosure with rigid walls.
